Our previous studies have suggested that chilling sensitivity of coral oocytes may relate to their relatively high lipid intracellular content and lipid composition. The distribution of lipids during the oocyte development was determined here for the first time in two gorgonian species (Junceella juncea and Junceella fragilis). The main lipid classes in the two gorgonian oocytes were total lipid, wax ester, triacylglycerol, total fatty acid, phosphatidylethanolamine and phosphatidylcholine. The results indicated that early stage oocytes of J. juncea and J. fragilis were found to have increased lipid content than late stage oocytes. The content of wax ester was significantly higher in the early stage oocytes of two gorgonian corals (51.062.5 and 41.762.9 mg/mm 3 /oocyte) than those of late stage oocytes (24.061.4 and 30.461.2 mg/ mm 3 /oocyte, respectively). A substantial amount of phosphatidylethanolamine and total fatty acid was detected at each stage of oocyte development in two gorgonian ranges from 107 to 42 mg/mm 3 /oocyte and 106 to 48 mg/mm 3 /oocyte, whilst low levels of phosphatidylcholine were found in two gorgonian oocytes. The levels of total lipid in the late stage oocytes of J. juncea were significantly higher than those of J. fragilis. The observed differences may partially be related to different habitat preferences as higher lipid levels in J. juncea, a deeper-water coral species exposed to lower temperature seawater, might relate to adjustments of cell membranes in order to increase membrane fluidity.
Introduction
Gorgonian corals are suffering continuing decline in population size and reproductive ability due to environmental stresses such as pollution, habitat destruction and global climate change [1] . Cryopreservation technologies are urgently needed to establish conservation measures to preserve coral populations. Cryopreservation of coral sperm has been successful [2] . However, chilling sensitivity of coral larvae has been reported to be very high [3] . When the temperature was below 10uC, coral larvae showed membrane damage with short exposure and there was no larvae survival at 211uC [3] . Studies on the cryobiology of coral oocytes have been carried out in our laboratory [4, 5, 6, 7] . We have reported that hard coral (Echinopora spp.) and gorgonian coral (J. juncea and J. fragilis) oocytes showed significant levels of chilling tolerance at 5uC and 0uC, however, these oocytes were very sensitive to chilling at 25uC resulting in a significant decline in ATP concentration after 4 h chilling [6, 7] .
In some mammalian species, the high chilling sensitivity of porcine and bovine oocytes is related to their high intracellular lipid level [8, 9, 10] . Research on porcine and bovine embryos has demonstrated that less lipid accumulation in embryos appears to be highly associated with an increased embryo survival during cryopreservation procedures [11, 12] . The high lipid content has also been linked to chilling sensitivity in zebrafish embryos and ovarian follicles [13, 14] . In coral oocytes (Stylophora pistillata), the lipid accumulation increases during maturation of the oocytes and lipid content remains high until spawning [15] . Our previous studies have suggested that sensitivity of coral oocytes to lower temperatures may relate to their relatively high lipid intracellular content and/or lipid composition as these oocytes were collected during the spawning season [6, 7] . To address the relationship between lipid and cryosensitivity in corals, the present study set out to investigate the composition of the total lipid content, neutral lipid content (wax ester and triacylglycerol), total fatty acid and polar lipids (phosphatidylethanolamine and phosphatidylcholine) in two different oocyte developmental stages of gorgonian corals.
Results

Lipid distribution in the oocytes of two gorgonian species
Early stage oocytes of J. juncea had an average volume of 0.0054 mm 3 slightly smaller than that of J. fragilis oocytes (0.0066 mm 3 ). However, the oocyte volume increased during oogenesis and late oocytes had an average volume of 0.0137 mm 3 and 0.0160 mm 3 respectively. The percentages of individual lipid classes in early and late oocytes of two gorgonian corals are shown in Table 1 . The main lipid classes in coral oocytes were wax ester, triacylglycerol, total fatty acid, phosphatidylethanolamine and phosphatidylcholine. The same lipid classes were detected in early and late stage oocytes of two gorgonian corals. The main lipid components in the early and late stage oocytes of J. juncea were identified as total fatty acid (36.4% and 58.0%, respectively) followed by phosphatidylethanolamine (36.9% and 23.3%), wax ester (17.7% and 13.1%), phosphatidylcholine (8.9% and 5.5%) and triacylglycerol (,1%). However, in early and late oocytes of J. fragilis a higher level of phosphatidylethanolamine was obtained with 54.4% and 43.8%, respectively in comparison to the other lipid classes with total fatty acid (24.4% and 37.7%), phosphatidylethanolamine (21% and 14%), phosphatidylcholine (,1% and 4.6%) and triacylglycerol (,1%).
Effect of different coral stages on lipid composition in two gorgonian species Figure 1 Fig. 1b ), whilst there were no significant (p.0.05) differences in the contents of total fatty acid between the early and late stage oocytes of J. juncea (Fig. 1a) . A substantial amount of phosphatidylethanolamine was detected at each stage of oocyte development range from 42 to107 mg/mm 3 / oocyte, whilst relatively low levels of phosphatidylcholine were found in all oocytes (Fig. 1a, 1b) . The content of phosphatidylethanolamine was significantly (p,0.05) higher in early stage oocytes of J. juncea (106.3611.6 mg/mm
Effect of two gorgonian species on lipid composition
The effects of two gorgonian species on lipid composition are shown in Figure 2 . The largest component was total fatty acid, phosphatidylethanolamine and wax ester in the oocytes of two gorgonians (Fig 2a, 2b) . The concentration of wax ester and total fatty acid was significantly (p,0.05) higher in early stage oocytes of J. juncea (50.962.5 and 104.8625.7 mg/mm Total lipid concentration in two gorgonian species Figure 3 showed total lipid concentration in the oocytes of the two gorgonian species. Total lipid concentrations in late stage oocytes of two gorgonian species were lower than those of early stage oocytes (Fig. 3) . The level of total lipid in the late stage oocytes of J. fragilis were significantly lower (0.560.1 mg/mm 3 / oocyte, p,0.05) than those of J. juncea (0.960.1 mg/mm 3 /oocyte), whilst there were no significant (p.0.05) differences in the contents of total lipid in the early stage oocytes of J. juncea (1.260.4 and 1.660.6 mg/mm 3 /oocyte, Fig. 3 ).
Discussion
Numerous studies have shown an increasing interest in lipid biology and biochemistry of corals [18, 19, 20, 21] . Aside from structural functions in cell membranes, early studies on coral species have reported that lipids serve as an energy store in coral species for processes involved in tissue growth [18, 22] , skeletal growth [23] , and reproduction [24] . It has been reported that total lipid at concentrations of 10-40% of dry biomass was observed in a number of corals from tropical seas [18, 20, 21] . It has also been shown that some coral species maintain enough lipids to sustain their metabolic energy requirements for up to 114 days, when symbiotic algae does not supply the coral with fixed carbon by photosynthetic processes under conditions of insufficient sunlight [25, 26] . Direct observation by light microscopy has revealed that coral eggs contain numerous lipid droplets occupying around 80% of the volume of the egg [27] . In the present study, total lipid content decreased with oocyte developmental stages in two gorgonian species indicating the potential utilization of these nutrients as an energy source by oocytes such as new cell constitution and organogenesis as well as for energy production. Our present study has also found that late stage J. juncea oocytes contained higher levels of total lipid when compared to J. fragilis and the observed differences may partially be related to different habitat preferences. The higher lipid levels found in J. juncea suggest that in deeper-water coral the large amount of lipids might be related to adjustments of cell membranes in order to increase membrane fluidity.
The main storage lipids were considered to be wax esters and triacylglycerols as the concentration of storage lipids accounted for range of 40-73% of total lipids in corals [20, 21, 28, 29, 30] . Moreover, concentrations of storage lipids have been described to fluctuate in response to coral metabolic requirements [29, 31] , reproductive rate [19] , egg production [32] and zooxanthellae productivity [19, 33, 34] . It has been reported that storage lipid Table 2 . Gradient elution program for HPLC-ELSD separation. accounted for between 46% and 73% of the total lipid in coral species such as Pocillopora capitata and P. verrucosa, the major component of the storage lipid being triglyceride [20, 33] . Triacylglycerols have been described as the main lipid classes found in marine invertebrates. They are involved in the oocyte maturation and the initial larval survival in marine invertebrates [35, 36, 37, 38, 39] . However, the lipid composition in gorgonian corals is different from those of other coral species. In the present study, triacylglycerols were found less than 1% of total lipid in both stages of two gorgonian oocytes. Although wax esters were not found in lipid content of mammalian cells [40] , they were present in the gorgonian oocytes with a substantial concentration up to 13% in the early and late stages. Oocytes with high concentration of lipid have been reported in the some coral species such as the Alcyonium glomeratum [41] and Stylophora pistillata [15] where lipid content increase during oocyte maturation and remains high until spawning [15] . Lipid levels in coral eggs have showed a high proportion of wax esters to work as a buoyancy substance and as energy reserves [32, 42] . A similar result was also seen in two gorgonian coral species in the present study as wax esters are considered to act as an energy source for gorgonian eggs. Fatty acids provide a valuable energy source to coral species [30] , with saturated and monounsaturated fatty acids stored as wax esters [29, 43] ; as membrane components in the form of phospholipids, and as polyunsaturated fatty acids (PUFAs) [44, 45] influencing reproduction and membrane fluidity [46] . In the present study total fatty acid was identified as the main lipid components of the gorgonian oocytes. These two gorgonian coral oocytes are characterized by the presence of higher levels of total fatty acid in J. juncea and a lower composition in J. fragilis. In fact, with increasing depth, there appears to be an increase in pressure as well as a decrease in temperature. Therefore, the higher level of total fatty acid in J. juncea oocytes may help to increase membrane fluidity at lower depths. The essential fatty acids start with the short chain polyunsaturated fatty acids that coral hosts are incapable of constructing essential fatty acids due to an inability to synthesize from endogenous production; additional amounts must be procured through their diet to gain the required precursors [47, 48] . Montipora digitata oocytes acquire symbiotic zooxanthellae by maternal inheritance and various hard coral Montipora species may contain 102-103 zooxanthellae in an egg at the time of spawning [49] . Symbiotic zooxanthellae undergo division during embryogenesis of coral host and are capable of translocating carbon compounds to the host during early development [32] . Early studies also showed that corals containing high levels of unsaturated fatty acids relied more on plankton capture, whilst corals containing greater amount of saturated fatty acids relied more on the translocation of photosynthetic products from the zooxanthellae [50] . In our present study, J. fragilis oocytes inherits zooxanthellae and contained less total fatty acid than J. juncea oocytes which carry no symbiotic zooxanthellae. It is possible that fatty acid profiles of lipids were influenced by the presence or absence of algal symbionts in gorgonian oocyte and may lead to a significant difference in fatty acid compositions. Studies are currently under way in our laboratory in this area.
It is well-established that biological cellular membranes are consisted mostly of amphipathic phospholipids, such as phosphatidylethanolamine and phosphatidylcholine which are predominantly located in marine invertebrate [51] . Within the phospholipid class, phosphatidylcholine seems to be the major component, followed by phosphatidylethanolamine in fish eggs [52, 53] . However, some marine invertebrate such as sponges, soft corals, and molluscs may produce more phosphatidylethanolamine than phosphatidylcholine. The proportion of phosphatidylethanolamine is over 60% and even more than 80% of the total phospholipids in some of these animals [51] . The result obtained in this study is in agreement with a previous study which also showed phosphatidylethanolamine was the main phospholipids and contains more phosphatidylethanolamine than phosphatidylcholine for soft corals [51] .
The results of this study provided a detailed quantitative account of the lipid composition of J. juncea and J. fragilis oocytes. In our study, gorgonian corals living in the depth range from 3 to 35 m had significant difference in lipid content and compositions. The results indicated that early stage gorgonian oocytes contained more lipid content than late stage oocytes. Higher percentages of lipid content were observed in J. juncea. Our previous studies have found that oocytes of J. juncea are less chilling sensitive than J. fragilis oocytes, due to their deeper natural habitat and their high intracellular lipids level of these oocytes is probably responsible for their high cryosensitivity [7] . The higher lipid contents in oocytes of J. juncea suggest that the deeper-water species and lower temperature seawater might have promoted accumulation of lipids related to biochemical adjustments of cell membranes to increase membrane fluidity. The result of the present study clearly demonstrated that the high sensitivity of two gorgonian oocytes to low temperature is related to their high lipid content.
Materials and Methods
Collection of J. juncea and J. fragilis 
Oocyte isolation
Coral coenchyme tissues were removed from coral branches using a scalpel and were immediately transferred into 6-well tissue culture dishes with 2 ml filtered (0.4 mm) natural seawater (35 part per thousand). Oocytes were separated mechanically from the coenchyme tissue using forceps and pipette sucking. Oocyte isolation was carried out under a dissecting microscope (Olympus, SZ51, US). Oocytes were washed three times with filtered natural seawater and then kept in the filtered natural seawater for further processing. The developmental stages of the gorgonian oocytes were classified based on their size (Tsai et al., 2010) . The diameters of the oocytes were measured with an ocular micrometer under the microscope. The sizes of early stage oocytes were in the range of 100 to 200 mm and late stage oocyte ranged from 200 to 300 mm. Oocytes of these two stages were used in the present studies.
Lipid analysis
Total lipids were homogenized and extracted from 50 oocytes of J. juncea and J. fragilis in chloroform: methanol (2:1) following the method described by Bligh and Dyer [16] . Lipid classes were separated by high performance liquid chromatography with evaporative light scattering detector (HPLC-ELSD). The extracted lipids were normalized for oocyte volume and number of oocytes and analyzed by HPLC-ELSD [17] . A Hitachi Model L7100 HPLC pump was connected with a Sedex 80 evaporative lightscattering detector (Sedex, France). The system was also equipped with an autosampler (Hitachi, L7200, Japan). An YMC-PVA-SIL column (100 X3 mm i.d.; 5 mm particles; Hichrom Ltd, UK) was used for separations. The solvent was evaporated with nitrogen gas. The ELSD drift tube and nebulisation temperatures were maintained at 55uC and the flow rate of the nebulizer gas was set at 2.5 kg/cm 2 . The gradient elution program was shown in Table 2 .
Statistical analysis
Each treatment in the experiment contained three replicates and experiments were repeated at least three times. The statistical analysis was performed using the SPSS software (Version 17.0; SPSS Inc., Chicago, IL, USA). The data were checked for normal distribution with the one-sample Kolmogorov-Smirnov test and the variances with the Levene's test for homogeneity. Differences between the three different groups were tested using a One-way ANOVA of variance followed by Tukey's multiple comparison tests. In all statistical tests used, P values of less than 0.05 were considered to be significant. Results are presented as means 6 SEM.
